Abstract: A level optimization method for the 4-level pulse-amplitude modulation format is proposed. This optimization method is applicable to signal-dependent noise conditions such as the relative intensity noise and amplified spontaneous noise. The proposed optimization was verified by simulation results and an experimental demonstration at 53 Gbaud, showing an improvement of 4 dB.
Introduction
The dramatic growth in the bandwidth requirement for optical communication systems has increased the motivation to encode digital information in multilevel optical signals. Multilevel modulation introduces a lower symbol rate and narrower spectra, which relax the bandwidth requirements of the optoelectronic components. On the other hand, multilevel signaling reduces the distance between the levels, resulting in a lower immunity to electrical noise, optical noise, non-linear distortions, and other impairments.
In recent years, one of the leading multilevel modulation techniques for 100 Gbits/s (and beyond) and for both intra-and inter-data center optical links with a few tens of kilometers is 4-level pulse amplitude modulation (PAM-4) [1] - [4] . The short distances relax the requirements for the signalto-noise ratio (SNR), making modulation formats with lower noise tolerance, such as PAM-4 with direct detection (DD), attractive for these applications. Therefore, there is great interest in introducing performance improvements for PAM-4 and DD architecture. In this paper, we show a performance improvement for PAM-4 by optimizing the transmitted power levels to achieve a minimum bit error rate (BER) under signal-dependent noise conditions.
Because of the square operation of the photodiode, any noise source in the optical domain is considered signal-dependent noise at the photodiode output. In this paper, we analyze two signaldependent noise sources: relative intensity noise (RIN) and amplified spontaneous emission (ASE) noise. Cost reduction is a critical parameter for an intra-data center interconnect. Consequently, low-cost modulators with relatively high RIN are offered [4] . Hence, tolerance improvements for RIN could be a significant contribution to this type of optical link. ASE is generated by the use of optical amplifier/s in inter-data center interconnections with optical link distances of up to 80 km [1] , [2] . Therefore, it is essential to show a performance improvement for the PAM-4 technique under ASE noise impairment.
In this paper, we show a performance improvement for PAM-4 by optimizing the transmitted power levels utilizing an analytical expression that aims to minimize the bit error rate (BER).
The remainder of this paper is divided into four sections. Section 2 presents the fundamental equations associated with the optimization technique. Section 3 shows simulation results for the optimization technique in RIN environment. Section 4 presents lab measurements of 53 GBaud PAM-4 with ASE noise, while Section 5 presents the conclusions of this research.
Analytical Derivation
Optical communication systems are subject to many kinds of impairments, which can mainly be categorized as signal-independent (additive) noise, signal-dependent (multiplicative) noise, bandwidth limited induced ISI, non-linear distortions, and signal strength limitations such as a finite extinction ratio (ER). If signal-dependent noise dominates, a higher power level is received with more noise, and a lower power level is received with lower noise [5] . Typical examples of signal-dependent noise include RIN, ASE noise, and shot noise (quantum noise). The total variance associated with these noises can be found as follows:
where l is an integer that represents one of the four levels of the PAM-4 signal; σ (1), while the contributions of thermal, shot noises and spontaneous-spontaneous beat noise in many cases are neglected for the high levels (l > 0) [6] . Assuming that the noise distribution is Gaussian, the conditional probability density function (CPDF) associated with each level is expressed as follows [7] :
where I l is the received signal level, assuming that symbol l was transmitted. Because of the noise terms discussed above, the received signal r may be incorrectly classified, which in turn results in decision errors, as follows:
where P(ell) (0 ࣘ l ࣘ 3) is the conditional probability of error given that symbol l was transmitted.
Assuming that the CPDFs are Gaussian and the decision thresholds are optimized to achieve the minimum BER, (3) can be expressed by the following [6] :
where erfc is the complementary error function. The first, second, third, and the fourth expressions (each multiplied by 1/8) in (4) are identical to the first, second, third, and the fourth terms in (3), respectively. The minimum BER is obtained by manipulating the transmitted levels of the PAM-4 signal. The optimization scheme is achieved by keeping all six erfc terms in (4) identical. The resulting optimization scheme is expressed mathematically as follows:
where I 0 and I 3 are the outer levels and are determined by the average optical input power at the receiver input and the signal voltage swing at the modulator input. The variances, σ 2 l (0 ≤ l ≤ 3), can be measured or calculated using (1) and [6] (p. 262). Therefore, (5) and (6) can be used to define the value of the two inner levels, I 1 and I 2 , such that the BER is minimized.
Also, the outer levels I 0 and I 3 can be calculated form the ER and the average optical power (I avg ) by the transformation: I 3 -I 0 = 2I avg (ER − 1)/(ER + 1). Fig. 1 presents a block diagram of a PAM-4 short reach transmission using a combined Matlab and VPI software tools. The electrical domain modulating signal of 53 GBaud PAM-4 is generated by the DAC, which is modeled by Matlab. This output signal is injected to the VPI simulation software, where the electrical DAC output signal is converted into the optical domain by an electro-absorption modulator laser (EML) as a part of the transmitter optical subassembly (TOSA), and is transmitted over a 500 m length of fiber (short reach). The VPI output consists of samples of the receiver optical subassembly (ROSA) output at the electrical domain, which in turn are loaded back to the Matlab simulator for digital signal processing (DSP) and BER calculation. A 30 GHz 4th order Bessel low pass filter (LPF) is used for both the DAC model and the ROSA. The EML ER is 8 dB, and the ROSA input referred noise is 20 pA/ÝHz. The DSP includes a decision feedback equalizer (DFE) with 20 feed-forward taps and 2 feedback taps. Fig. 2 presents six BER vs. optical input power curves for RIN values of −135 dB/Hz (solid curve), −130 dB/Hz (dashed curve), and −128 dB/Hz (dashed-dot curve), where those with optimization (using (5) and (6)) are marked with a star ( * ) and those without optimization are marked with a square ( ). Because RIN is signal-dependent noise, it becomes dominant at a higher optical input power. Consequently, an improvement in level optimization is observed at the lower BER values. For example, comparing the BER curves with and without optimization at RIN of −130 dB/Hz, an improvement of more than half an order in the BER floor is shown. The PAM-4 levels spacing optimization was performed by adjusting the inner levels I 1 and I 2 , the optimized values of these power levels found analytically using 5 and 6. The other parameters of 5 and 6, the outer power levels I 0 and I 3 (which are dictated by the DAC and the optical transmitter output power) and the noise variances σ 0 2 , σ 1 2 , σ 2 2 and σ 3 2 were measured (for each point in the BER curves). This approach was also applied to the experiment discussed in Section 5.
Simulation Results
Histograms at RIN of −130 dB/Hz of the received sampled signal r without level optimization and with level optimization are shown in Fig. 3(a) and (b) , respectively. In these figures, because of the RIN contribution, the variances are not equal, with the largest variance to smallest variance associated with the highest level (I 3 ) to smallest level (I 0 ), respectively. Fig. 3(a) (without level optimization) shows that the spacing between the levels is uniform, and the tail of the level 3 histogram (cyan curve) overlaps the tail of the level two (I 2 ) histogram (red curve). Consequently, significant errors are introduced. However, in Fig. 3(b) , because of the level optimization, the spacing between levels three and two is increased. Thus, the overlapping of the histogram tails of levels three and two is minimized, and fewer errors are observed. We note that we selected an EML as a part of the TOSA for this analysis because it is a practical component (in terms of cost and performance) for short reach transmission (intra-data center) applications, however the benefit of level optimization is relevant to any modulator with a high RIN, such as a directly modulated laser (DML), which limits the PAM-4 performance as a result of its high RIN [4] .
Lab Measurement Setup
A full optical link experiment was performed over standard single mode fiber, as presented in Fig. 4 . A 53 GBaud PAM-4 signal was transmitted by a DAC with a 3 dB cutoff frequency at 30 GHz, and an electrical output swing of 1 Vpp differential and was converted to the optical domain by an external MZM (Fujitsu FTM7937EZ), which was driven by an integrated transmitter laser assembly (ITLA). The MZM optical signal output was amplified by a booster and was accompanied by amplified spontaneous emission (ASE) noise using a 3 dB coupler and ASE source, to generate controlled optical signal-to-noise ratio (OSNR) conditions. Further on, the optical signal passed through a 75 GHz 3 dB optical filter and was converted to the electrical domain by the receiver's optical subassembly (ROSA-Semtech GN3289). The electrical signal was sampled and quantized by a 53 GSample/s ADC with a 3 dB cutoff frequency at 19 GHz and an ENOB of 6. The OSNR was measured at the coupler output using an optical spectrum analyzer (OSA), and the OSNR was varied by controlling the ASE source, while the average optical input power at the receiver was kept at −1 dBm. The bandwidth of the overall optoelectronic channel was 12 GHz (3 dB point). The received samples were equalized and processed by the DSP [3] , which included a feed-forward equalizer with 15 taps followed by an MLSE with a memory depth of 3. The resulting measured BER curves are presented in Fig. 5 . We note that the MZM was used in this experiment because the recent progress in silicon photonics enables the use of an MZM for inter-data center connections [8] . 
Experimental Results
Fig. 5 presents two BER curves vs. OSNR without level optimization marked with blue and "+" and with level optimization [using (5) and (6)], which are marked with green and "o." As shown, the optimization technique improves the OSNR sensitivity by 4 dB at a BER of 1e-3. It should also be noted that the signal-dependent ASE noise decreases as the OSNR increases, essentially decreasing the improvement of the level optimization.
Conclusion
A PAM-4 transmitted power level optimization method was proposed, which had the goal of minimizing the BER. The optimization method was easy to obtain and could be used in a multiplicative noise environment such as one with ASE noise and RIN. Experimental measurements revealed that utilizing the proposed optimization method for PAM-4 transmission led to an OSNR sensitivity improvement of 4 dB at a pre-FEC BER value of 1e-3. Simulation results showed a half order improvement in the BER performance under a high RIN value, which for example is relevant to low-cost optical transmitters such as EML and DML.
